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The electronic and magnetic properties of CeO2 with various concentrations of oxygen vacancies have been
studied by first-principles calculations within the LSDA+U method and were found to remarkably depend on
the oxygen vacancy concentration. With increasing oxygen deficiency, the electrons left behind by oxygen
removal not only localize on Ce 4f orbitals but also on the vacancy sites. This leads to the magnetic mecha-
nism with both superexchange and polarization in the cases of heavy doping, effectively enhancing the stability
of ferromagnetism. The study reveals the magnetic properties and associated magnetic mechanisms of CeO2

with the different oxygen deficiencies.
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Global environment and energy issues have led to great
interest in ceria �CeO2� and related compounds, which can
be applied to environmentally friendly power generation,
such as solid oxide fuel cell and catalytic applications.1–4

CeO2 is known to be an oxygen vacancy reservoir with a
high capacity for storing and releasing oxygen vacancies.
Such a high oxygen vacancy storage capacity is essential in a
wide variety of applications. To this end, oxygen vacancy
often plays a vital role in changing materials properties, fur-
ther influencing oxide-based device characteristics and reli-
ability. For example, the high performance of CeO2 as an
oxygen buffer and active support for noble metals in cataly-
sis relies on an efficient supply of lattice oxygens at reaction
sites governed by oxygen vacancy formation.5,6 Moreover,
CeO2 is widely used for ionic conducting oxides due to the
role of oxygen vacancy.

It is well known that the stoichiometrical CeO2 is para-
magnetic. When an oxygen atom is released from CeO2, two
electrons are left behind and are believed to strongly localize
at the f-level traps on two Ce atoms, which causes the formal
valence of two neighboring Ce atoms to change from +4 to
+3. This will give rise to net spin in the Ce f states, inducing
the magnetism. However, little effort has been done to study
the magnetic properties of oxygen-deficient CeO2. Further-
more, most previous studies have been limited to slightly
reduced CeO2, while CeO2 is known to be an effective oxy-
gen vacancy reservoir. In fact, high oxygen deficiency in
CeO2 is a very likely situation in a wide range of applica-
tions since the oxides are often exposed to various environ-
ments, such as a highly reducing atmosphere or a high-
temperature condition. In this study, we therefore have
examined the localization behavior of CeO2 with various de-
grees of oxygen deficiency as well as the associated mag-
netic properties and their origins. This study reveals that the
electrons are localized not only on the Ce 4f state but also on
the oxygen vacancy site �i.e., the electron localization ten-
dency on the Ce 4f state weakens� when the oxygen defi-
ciency becomes large. These electrons remaining on the oxy-
gen vacancy site are polarized by the reduced ions,
eventually leading to the evidently enhanced ferromagnetic
ordering in highly oxygen deficient CeO2.

First-principles methods, implemented in the Vienna ab
initio simulation package �VASP�,7 were used to study the

electronic and magnetic properties of CeO2−x, particularly,
the effects of oxygen vacancy doping concentration
�x=3.13%, 6.25%, 12.5%, and 25% corresponding to 2�2
�2, 1�2�2, 1�1�2, and 1�1�1 supercells with one
oxygen vacancy, respectively�. In all calculations, the projec-
tor augmented wave method �PAW� �Ref. 8� with the frozen-
core approximation was used for the ion-electron interac-
tions. Exchange correlation interactions were described by
the PAW local spin density approximation �LSDA�. Due to
the strong Coulomb interaction of the localized Ce 4f elec-
trons, the standard density-functional theory �DFT� calcula-
tions were inadequate for a satisfactory electronic structure
prediction. Many recent reports9–12 have proven that DFT
calculation with the correction of Hubbard U parameter
�DFT+U� is effective for CeO2−x and related compounds.
Dudarev’s spherical LDA+U methods13 were employed in
this study. The optimal combination of U=8 eV and
J=1 eV for Ce 4f orbitals was found to improve the predic-
tion of the electronic structure. The Brillouin-zone �BZ� in-
tegration was performed on a well-converged Monkhorst-
Pack k-point grid. The plane-wave kinetic energy cutoff was
set to be 400 eV. Atomic positions and lattice parameters
were optimized until the atomic forces were smaller than
0.02 eV /Å.

First, a CeO1.969 supercell was used to model a low dop-
ing concentration case �x=0.0313�, where one oxygen atom
is removed from a 96-atom 2�2�2 supercell of pure CeO2.
Figure 1�a� shows the total density of states �DOS� of
CeO1.969. The peak just below the Fermi level represents the
localized f states, which are mainly on two Ce ions that are
the nearest neighbors to the O vacancy. The gap between the
O 2p valence-band edge and occupied f state is 1.4 eV,
which agrees well with the experimental value of 1.2–1.5
eV.14 Figures 1�b�–1�d� show the total DOSs of CeO2−x
�x=0.0625, 0.125, and 0.25�. The existence of the gap states
in these figures reveals the electron localization. These local-
ized states are also due to the 4f states of the reduced Ce ion,
originating from the electrons by oxygen removal. The inte-
gration analysis using Bader analysis15 shows that each of
the two reduced Ce ions has 0.98, 0.97, 0.93, and 0.91 elec-
trons for the cases of x=0.0313, 0.0625, 0.125, and 0.25,
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respectively. Therefore, two excess electrons are mostly
transferred to two neighboring Ce4+ ions that are reduced to
Ce3+ �each with 4f1 configuration�. Those results were con-
firmed by the valence-band photoemission,14 where a state
appears in the energy gap between the top of the valence
band and the bottom of the unoccupied Ce 4f band for the
partially reduced ceria system. Further decomposition shows
that these gap states are mostly due to fxyz orbitals, meaning
that the electrons from oxygen vacancy doping mostly oc-
cupy the fxyz orbitals, as shown on the right panel of Fig. 1.

Interestingly, the followings were noticed in the localiza-
tion behavior. First, with the increasing O-vacancy concen-
tration, the gap states split into full and empty states. It is
attributed to the large electron density originating from the
heavy oxygen deficiency, which leads to strong electron cor-
relation enough to split the impurity band.16 Second, the lo-
calization behavior at a high oxygen deficiency differs from
that at a low oxygen deficiency, although two electrons are
mostly transferred to two Ce4+ ions in all four doping cases.
As shown above, the amount of electrons localized on the
Ce 4f state decreases with the increasing vacancy concentra-
tion. In other words, the electron density left behind on the
oxygen vacancy site increases with oxygen vacancy concen-
tration. The integration analysis shows that 0.13 and 0.16
electrons remain on the vacancy sites in the cases for x
=0.125 and 0.25, respectively. Therefore, the gap states have
substantial contributions from the electrons on the oxygen
vacancy site in the case of high oxygen deficiencies. To fur-
ther elucidate this localization behavior, the charge-density
analysis of the gap state in the case of x=0.25 was per-

formed, as shown in Fig. 2. It is clear that there are substan-
tial electrons on the site of the oxygen vacancy, though most
of the doped electrons occupy the Ce sites.

The total energies of the ferromagnetic �FM� and antifer-
romagnetic �AFM� orderings were examined. The energy
differences between FM and AFM orderings ��E
=E�FM�-E�AFM�� were −6, −11, −43, and −57 meV/cell for
the cases of x=0.0313, 0.0625, 0.125, and 0.25, respectively,
indicating that the FM state was more stable than the AFM
state. Those theoretical results are supported by an experi-
mental report,17 where the oxygen vacancy induced ferro-
magnetism was observed in CeO2. Furthermore, it should be
noted that CeO2−x showed an evidently enhanced stability of
ferromagnetism as the oxygen deficiency increases. Several
vacancy configurations, such as cluster and ordered states,
and the variation in their stability were allowed in the calcu-
lations. The different vacancy configurations had little effect
on the ferromagnetic state and did not influence the magnetic
behavior, i.e., the enhanced stability of FM ordering with the
oxygen vacancy concentration.

It is generally accepted that the electronic spins of cations
in insulating oxides are normally coupled by the superex-
change interactions through nonmagnetic ions, i.e., the su-
perexchange interaction between neighboring magnetic ions
via an anion.18 In oxygen-deficient CeO2, two electrons from
oxygen vacancy occupy the 4fxyz orbitals of two Ce ions.
These two reduced Ce ions form a Ce-O-Ce bond with their
neighboring oxygen anion, where Ce 4fxyz-O 2p-Ce 4fxyz in-
teraction is responsible for the magnetic properties, as shown
in Fig. 3. Goodenough-Kanamori-Anderson �GKA� rules19,20

were adapted to the superexchange process of the f-electron
system �two reduced Ce ions via oxygen ion�. In
Ce 4fxyz-O 2p-Ce 4fxyz interaction where one electron occu-
pies the Ce 4fxyz orbital of the reduced Ce ions, the Ce-O-Ce
bond angle is close to 90° �ranging from 118 to 111° with the
corresponding oxygen deficiency from x=0.0313 to 0.25�.
Figure 3 shows the Ce 4fxyz orbital symmetry relative to the
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FIG. 1. Total DOS �left panel� and partial DOS �right panel� of
4fxyz orbital �spin up� of two reduced Ce ions in CeO2−x with �a�
x=0.0313, �b� 0.0625, �c� 0.125, and �d� 0.25. The Fermi level is at
zero in energy.

FIG. 2. �Color online� The charge-density analysis of the gap
state in Fig. 1�d�. The �110� plane through the two reduced Ce ions
and O vacancy is chosen, and oxygen vacancy is represented as the
solid square. The contour goes from 0.2 to 0.6 e /Å3 in intervals of
0.1 e /Å3.
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O 2p orbital, which favors 90° superexchange interaction,
leading to ferromagnetic ordering. The process of superex-
change interaction is shown in Fig. 4. Similar results appear
in the doped transition-metal oxides,21 where the systems
have ferromagnetic ordering due to 90° superexchange inter-
action.

It is well known that the superexchange interaction de-
pends strongly on the electron occupancy, the orbital con-
figuration, and the metal-anion-metal bond angle. As the in-
teraction has the same orbital configuration of Ce ions
�Ce 4fxyz�, the similar electron occupancy on Ce 4fxyz and
similar bond angle for the different oxygen deficiencies, the
magnetism originating from the superexchange interaction
with the Ce 4fxyz-O 2p-Ce 4fxyz bond is not responsible for
the evidently enhanced stability of the ferromagnetic state at
the heavy doping. The main difference between the light-
and heavy-doping cases is the increasing amounts of elec-
trons remaining on the oxygen vacancy sites with the oxygen
deficiency. Once the ferromagnetic ordering becomes stable
through the Ce 4fxyz-O 2p-Ce 4fxyz superexchange interac-
tion, the electrons are in turn polarized by the spin moment
of neighboring Ce3+ ions under the ferromagnetic ordering.
The partial DOS results showed that both electrons on the
Ce 4f orbital and the oxygen vacancy are in a spin-up state.
Moreover, the electrons on the oxygen vacancy sites would
be involved in the Ce 4fxyz-VO-Ce 4fxyz superexchange inter-
action for ferromagnetic ordering. Based on the calculations
and comparisons between the superexchange interaction and
spin-polarization energy, the variations in the spin-
polarization energy with oxygen deficiency were much larger
than that of the superexchange interaction, suggesting that
the enhanced ferromagnetism predominantly originates from
the polarized electrons on the oxygen vacancy sites by fer-
romagnetic ordering of the reduced Ce ions. A similar idea
was also proposed for the ferromagnetism in HfO2.22 There-
fore, unlike the case of light doping where the ferromag-
netism only originates from the superexchange, the superex-
change and the polarization cooperatively underlie the
ferromagnetism in heavy doping, explaining why the stabil-
ity of ferromagnetism in the heavy doping is enhanced and

how the oxygen vacancy affects the magnetic states.
The importance of the occupancy of the electrons on the

4fxyz orbitals of two Ce ions upon oxygen removal should be
stressed. As shown in Fig. 3, the strongly directional con-
figuration of the 4fxyz orbital lobes provides a condition,
where two Ce ions not only interact with their neighboring
O 2p orbitals but also with the electrons on the oxygen va-
cancy sites. This 4fxyz orbital symmetry leads to achievement
of both the superexchange interaction and the polarization. If
the electrons occupy other orbitals of the Ce 4f state, the
superexchange and polarization may be not simultaneously
involved. In fact, the crystal field of CeO2 is of fundamental
importance, where the occupancy of electrons on 4fxyz orbit-
als is most stable. For other f-electron systems with the dif-
ferent crystal structures, orbitals other than 4fxyz could be
involved in the superexchange and spin polarization as long
as electrons occupy the oxygen vacancy site. Similarly, in the
d-electron system, the d orbitals involved must have an or-
bital symmetry favorable for the interaction with both oxy-
gen ions and oxygen vacancies. To date, no such reports have
been observed in the d-electron system.

In summary, the electronic and magnetic properties of
oxygen-deficient CeO2 have been studied using first-
principles calculations within the LSDA+U method. The re-
sults show that the electronic structures and magnetic prop-
erties of CeO2 heavily doped with oxygen vacancies are
distinctly different from those with the light doping. With the
increasing concentration of oxygen vacancies, the localized
states induced by oxygen removal not only contain Ce 4f
electrons but also receive substantial contribution from the
electrons remaining on the vacancy sites. This localization

FIG. 4. Schematic of superexchange process between two re-
duced Ce ions via O2− ion. First, one electron in one O 2p orbital is
excited to 4f orbital of one Ce ion, and its spin direction is parallel
to the electron on Ce 4f orbital based on Hund’s rule. Because of
the Ce-O-Ce bond angle close to 90°, the electron of the same spin
in another O 2p orbital will be exchanged to 4f orbital of another
Ce ion. This causes the 4f electron of the second Ce ion to have the
parallel spin to that exchanged O 2p electron. Thus, the magnetic
moments of two Ce ions are parallel to each other, leading to fer-
romagnetic coupling.

FIG. 3. �Color online� Schematic for the superexchange interac-
tion between two reduced Ce ions. Ce1 and Ce2 represent the two
reduced Ce ions. The Ce1-O-Ce2 superexchange is responsible for
both light- and heavy-doping cases, while the interaction between
Ce1 and Ce2 via VO is effective only for the heavy-doping case.
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behavior effectively enhances the stability of ferromag-
netism, which may be important in highly reducible
f-electron oxide systems. Our study anticipates that a large
concentration of oxygen vacancies plays an important role in
the magnetic behavior of CeO2.
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